Purpose of the Review In the USA, there is mounting pressure on aviation operators and regulators to address concerns about community impacts of aircraft noise given increasing evidence of adverse health impacts, continuing community complaints, availability of cost-effective programs to reduce exposures to aircraft noise, and more stringent international policies. In the USA, regulation of civil aviation noise is the responsibility of the Federal Aviation Administration (FAA), which requires a "significant body of scientific support," particularly applicable to the USA, to inform health-based policy and regulatory decisions. However, there have been very few studies investigating the relationship between noise and health in the USA and limited studies across the globe characterizing the effects of aviation noise specifically on cardiovascular health. This review focuses on recent findings on the relationship between aircraft noise and cardiovascular outcomes and directions for future research. Recent Findings Epidemiological studies generally report statistically significant associations between aircraft noise and adverse cardiovascular outcomes, although with limited evidence within the USA. Sleep disturbance, associated with nighttime noise, has been shown to be a risk factor for cardiovascular disease given associations with inflammatory markers and metabolic changes. Given numerous cardiovascular markers, the most appropriate choices depend on the ultimate objectives of the individual studies. Summary Given the state of the literature, future research should leverage emerging tools to estimate aviation, railway, and road traffic noise and apply noise estimates to a range of epidemiological study designs and endpoints to inform causal interpretation and help determine potential intervention strategies.
Background and Context
The aviation industry in the USA continues to experience significant growth. In 2016, there were 19,536 airports (including 5136 public-use airports) servicing more than 932 million passengers in the USA and its territories [1, 2] . Growth in aviation has many economic and social benefits, but can also have negative impacts on environmental noise, air quality, and water quality in nearby communities, as well as broader impacts on energy usage and climate change. The Federal Aviation Administration (FAA) has been addressing these challenges through aircraft technology, alternative jet fuels, operational procedures, and policy measures [3] . The FAA's stated vision is "environmental protection that allows sustained aviation growth" with the guiding principles of limiting and reducing aviation impacts to levels that protect public health and welfare while ensuring energy availability and sustainability [3] .
Historically, communities near airports have been primarily concerned with aircraft noise, particularly in metropolitan areas where there is high demand for aviation along with strong pressure to develop land near airports for residential and other incompatible uses [4] . The number of people exposed to significant aircraft noise-as federally defined by a Day-Night Average Sound Level (DNL) greater than 65 dB [4] -has decreased substantially over the past three decades primarily due to the transition to quieter aircraft and changes in operations. However, there are still community concerns about aircraft noise even from areas exposed to noise levels below DNL 65 dB [5] .
Laws regarding aircraft noise date back to 1968 with the Aircraft Noise Abatement Act 49 U.S.C. 44715(1968) . This act required FAA to establish noise standards in consultation with the Environmental Protection Agency (EPA) and to link the noise standards to aircraft certification. The regulation was updated in 1979 with the Aviation Safety and Noise Abatement Act and required FAA to publish a regulation on noise control and compatibility planning for airports. In 1990, Congress passed the Airport Noise and Capacity Act (ANCA). It mandated that the US air fleet convert to aircraft that met new noise certification standards that incorporated the most upto-date safe and suitable noise reduction technologies into aircraft design leading to a reduction in environmental noise (14 CFR Part 36) [6] .
The current definition of significant noise exposure at DNL greater than 65 dB is based on residential annoyance (FAA Order 1050.1F). However, there is now interest in examining not only annoyance, but also the potential for adverse health effects of noise. To date, there have been very few studies investigating the relationship between noise and health in the USA, and limited studies across the globe characterizing the effects of aviation noise specifically on cardiovascular health [7, 8, 9 •, 10••, 11••, 12 •]. Thus, there is an unmet need and opportunity to expand and strengthen the evidence base on aviation noise such that it is available for future decisionmaking.
Accordingly, on September 11, 2017, the US Department of Transportation's Volpe National Transportation Systems Center (Volpe) convened a workshop to review relevant topics and the most recent literature, discuss key questions, and determine next steps for research efforts on aviation noise and health in the USA. We briefly present our review of the literature on aircraft noise and cardiovascular outcomes over the last 5 years and summarize presentations on noise and health, noise and sleep, noise exposure metrics, and relevant cardiovascular endpoints. Finally, we outline conceptual research questions and recommendations for future noise-health research.
Noise Metrics
For the purposes of this review, noise is characterized as any unwanted sound and sound is defined as repetitive variations in air pressure (vibrations) that can be heard by the ear. Since any sound from aircraft is typically considered unwanted by residents, aircraft noise and sound can be used synonymously.
There are two types of metrics that can be derived from noise time histories. These can be referred to as psychoacoustic-based metrics and sound pressure level (SPL)-based metrics. Psychoacoustic-based metrics include loudness and metrics derived from it such as sharpness, fluctuation strength, roughness, and pitch strength [13] . These are used mainly to understand how sound is perceived or what drives particular responses to a sound. These metrics are typically used for basic research and not for regulations; consequently, studies relating these metrics to human responses are usually limited in scope. SPL-based metrics typically modify the noise levels by assigning weightings for different frequencies and duration. For example, the A-weighted SPL adjusts levels based on the frequency sensitivity of the human ear [14] . DNL is taken as a marker of a person's cumulative exposure over a 24-h period, expressed as the noise level for the average day of the year based on annual aircraft operations. DNL increases the A-weighted SPL by 10 dB for the hours between 10 PM and 7 AM to account for greater noise sensitivity and lower ambient noise levels during the night hours, before averaging these with the SPL for the rest of the day.
Although noise metrics can be measured directly using a sound level meter, typical human studies focus on hundreds or thousands of participants for exposure periods lasting months or years. In these cases, direct measurement is impractical and noise modeling is performed instead. The FAA's Aviation Environmental Design Tool (AEDT) [https://aedt.faa.gov/] provides a mature, validated method to compute noise exposure levels over a wide geographical area. Using flight tracks and aircraft operations data for a specific geographical location, AEDT produces noise exposure contours for a chosen metric, e.g., DNL.
There are several caveats to be aware of when relating DNL to community perception or potential adverse health effects. First, DNL does not differentiate noise sources with the same SPL, but dissimilar characteristics. For example, a tone (a sound evoking a strong sense of pitch) is typically considered more annoying than broadband noise, modulating sounds more annoying than steady state sounds, and sharp sounds more annoying than sounds with content across a broad spectrum. Thus, exposure summarized by DNL would give the same value for shrill, modulating, and tonal sources as for steady sources, well-balanced across the spectrum and lacking strong tones, provided that the aggregate A-weighted mean pressure was the same for both sources. Second, although DNL weighs more heavily noise exposure during nighttime hours, it still combines daytime and nighttime exposures. Thus, a study might fail to detect an association between residential DNL and sleep disturbances even if nighttime noise is indeed truly related to sleep health. This is an example of exposure misclassification of the etiologically relevant noise exposure. Other noise metrics that are potentially more suitable to specific settings are available (e.g., time above a certain threshold (TA) and sound equivalent level for night (LAeq Night)), but these are not currently considered in the regulatory setting.
Research on Aircraft Noise and Cardiovascular Health

Conceptual Models of Noise-Health Relationships
There are several models depicting the mechanisms by which noise may adversely affect health, including models illustrated by Swift [15] , Munzel et al. [8, 16] , and Babisch et al. [17] . As an example, Babisch et al. [17] distinguishes between "direct" and "indirect" pathways by which noise from any source may affect health. The "direct" pathway is characterized by activation of the central nervous system by the acoustic nerve and the "indirect" pathway is related to emotional and cognitive perception of sound leading to cortical activation and release of stress hormones [17, 18] . Activation of both pathways can affect autonomic nervous system control and endocrine systems resulting in dysregulation and eventual long-term health impacts [17] . This may explain why noise level and noise annoyance both relate to cardiovascular outcomes [17] .
Review of the Literature on Aircraft Noise and Cardiovascular Outcomes from 2013 to 2017
As an input to the workshop, we performed a review of the literature published within the last 5 years (2013-2017) relating to the impact of environmental (community) aircraft noise exposures on markers of cardiovascular health. The literature review included searches of the PubMed®, EMBASE, Web of Science, EBSCO host, and the National Transportation Library databases with publication dates 2013-2017 and using the following search terms: aircraft noise + cardiovascular disease, heart disease, coronary heart disease, ischemic heart disease, hypertension, blood pressure, myocardial infarction, heart attack, stroke. The database searches were supplemented by general Google® searches as well as a review of the references cited in the relevant journal articles identified through the database searches. Our review included original journal articles published in the English language and excluded published letters and editorials that reviewed or critiqued a single research article.
The 28, 31] . A minority of studies reported finding no association between aircraft noise and hypertension [9•] or no change in cardiovascular-related hospital admissions with an airport closure due to volcanic cloud [29] .
Specific to the framework of the workshop, only one of the studies over the past 5 years was performed in the USA [22] [http://partner.mit.edu/]. This study included over six million individuals eligible to participate in the US national medical insurance (Medicare) program (≥ age 65 years) in 2009 residing in one of 2218 ZIP codes surrounding 89 airports. The study found 3.5% (95% confidence interval [CI] 0.15% to 7. 0%) higher rates of cardiovascular hospital admission per 10 dB higher DNL after controlling for potential confounders. Using these results, the authors estimated that 2.3% of all CVD hospitalizations in the study population were attributable to aircraft noise, while 6.8 and 4.2% were attributable to fine particulate matter and ozone, respectively. There are • Heart disease and stroke: 1.25
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• CVD (mortality): 1.14 (1. Evidence of priming effect-effect more evident when participants were first exposed to 30 then to 60 noise events. Also related to epinephrine levels and pulse transit time Statistically significant in italics several limitations to this study including exposure assessment based on ZIP code of residence, limited data on individual-level risk factors (e.g., smoking, diet), lack of consideration for other potential sources of noise, and outcomes identified from administrative claims without further adjudication [22] . Many more recent studies have considered multiple sources of transportation noise and have found that the association between cardiovascular outcomes and road and railway noise are similar and often greater than for aircraft noise exposure [ 
Noise, Sleep, and Cardiovascular Outcomes
Existing research suggests that (1) nighttime noise may disrupt sleep and (2) that disturbed sleep is a risk factor for cardiovascular disease. Thus, sleep may be an important causal intermediate between aviation noise exposure and increased cardiovascular risk. We next discuss each of these links in detail.
Sleep is a neurophysiological state when sympathetic tone normally decreases and parasympathetic tone increases, resulting in lowered blood pressure and heart rate. Sleep disturbances, however, can alter this normally cardio-protective effect.
Studies have investigated the relationship between environmental noise, and specifically aviation noise, and sleep disturbance [7] . Exposure to abrupt increases in noise may cause sudden shifts in sleep from deeper to lighter stages, or even to awakening, a phenomenon known as a cortical arousal. Noise may also contribute to short sleep duration, fragmented sleep, reduced slow-wave sleep (SWS), and variable sleep patterns [32, 33] . Chronic exposure to noise can also lead to psychological stress and insomnia, a disorder of conditioned hyperarousal and a risk factor for cardiovascular disease and mortality [34] .
These sleep disturbances, individually or together, may impact a number of cardio-metabolic pathways that adversely affect cardiovascular health. Schmidt et al. [28] provides an illustration of the metabolic burden of sleep loss and Tobaldini [35] outlines some of the possible mechanisms. Arousals during sleep, which usually are accompanied by surges in sympathetic activation and acute blood pressure rises, have been identified as a strong predictor of daytime hypertension [36] . Sleep disturbances also are associated with markers of inflammation and metabolic changes such as higher cortisol levels or altered glucose tolerance [37] [38] [39] , abnormal cortisol rhythms [40] , abnormal heart rate variability [41] , elevations in markers of systemic inflammation (e.g., IL1, IL6, TNFα, CRP) [42] [43] [44] , activation of the immune system [45] , abnormalities in appetite regulatory hormones such as lower leptin (appetite suppressant) and higher ghrelin (appetite stimulant) [46, 47] , higher energy consumption (ingestion of calorie dense foods) [48] , and visceral obesity [49] .
These physiologic changes plausibly underlie the observed associations between chronic sleep disturbances and risk of cardiovascular disease. Sleep disturbance is associated with incident hypertension [50] , incident diabetes [51] , and atrial fibrillation [52] . A meta-analysis of over 153 studies, including over 5 million individuals, reported that curtailed sleep duration was associated with relative risks for mortality (1.12; 95% CI 1.08, 1.16), diabetes (1.37; 1.22, 1.53), hypertension (1.17; 1.09, 1.26), cardiovascular disease (1.16; 1.10, 1.23); coronary heart disease (1.26; 1.15, 1.38), and obesity (1.38; 1.25, 1.53) [53] . Adverse cardiovascular effects of sleep disturbances are also observed in children, with three cohort studies of children and adolescents demonstrating that low sleep efficiency is associated with a significant increase in elevated blood pressure, even after adjusting for other factors [54] [55] [56] .
Additional considerations when studying sleep disturbance as a causal intermediate between noise and cardiovascular risk include accounting for potential confounding factors such as behavioral habits of modern life that lead to insufficient sleep; circadian rhythm disorders from jet lag, phase shifts, and shift work; and the presence of sleep disorders such as sleep apnea and periodic leg movement disorder (PLMD). There is also a need to consider vulnerable populations such as children, in whom early life influences can have a profound impact on future cardiovascular disease risk [57] . Low income and racial/ethnic minorities may also be predisposed to adverse effects of sleep disturbances on cardio-metabolic health [58] . This has particular public health implications as these groups also may be disproportionately exposed to sources of noise and have a high prevalence of short sleep.
Discussion of Relevant Markers of Cardiovascular Health
Following presentations on the above topics, workshop participants discussed at length what would be the "ideal" next study of aviation noise and cardiovascular health. In particular, we discussed the relative merits of various markers of cardiovascular health typically found in the literature (Table 2) . We broadly categorize available markers as those related to the following: incident events, new diagnoses of established risk factors, markers of cardiovascular function, and markers of cardiovascular structure, acknowledging that not all endpoints fit neatly or exclusively into any given category.
In planning future studies of the potential impacts of aviation noise on cardiovascular health, we found that it was essential to be precise about the goals of such research as these goals will in turn inform study design and approach. Specifically, the overarching goal of understanding the impacts of aviation noise on cardiovascular health needs to be further refined so that the most appropriate research studies can be planned and executed. For example, studies aimed at improving estimates of the burden of disease attributable to specific changes in aviation noise levels (i.e., health impact assessments) typically dictate different approaches and settings versus studies aimed at improving our understanding of the underlying pathophysiological mechanisms by which aviation noise affects cardiovascular health.
Health impact assessments are often used to estimate the number of deaths or disease events averted or caused assuming one pattern of exposure versus an alternative, counterfactual exposure scenario. Health impact assessments have been used to quantify the burden of disease attributable to noise around airports in several European cities [26, 59] . Such assessments may also be used to inform the expected number of excess disease events following addition of a new runway at an airport or following implementation of new procedures aimed at reducing aviation noise exposures. Health impact assessments are sometimes limited by incomplete information on patterns of exposures or the relationship between exposure and outcomes in the population of interest. Thus, estimates of health impacts of aviation noise in the USA benefit from refined estimates of the distribution of exposures to aviation noise available through the AEDT or comparable models. Similarly, a more thorough evaluation of the effects of aviation noise on incident cardiovascular events such as MI or stroke, in specific populations and with special attention to identifying the most vulnerable individuals, would permit more precise and informative health impact assessments directly related to policy questions of interest.
In contrast, studies designed to identify the physiologic mechanisms by which aviation noise may affect cardiovascular health are unlikely in the short-term to provide actionable insights that drive policy changes. For example, studies relating aviation noise to biochemical markers of stress or inflammation, or electrocardiographic markers of autonomic nervous system activation (e.g., heart rate variability), can provide valuable insights into the underlying mechanisms of disease, can help isolate the key features of exposure that elicit the observed health effects, or can aid identification of characteristics of individuals that may confer more or less susceptibility to these effects. Thus, results of studies of mechanisms of disease are, in aggregate, often used to provide biologic plausibility for observed associations with clinical disease endpoints, to refine the exposure metrics or populations of key interest, to develop conceptual models explaining how exposures are related to disease risk, to potentially identify intermediate targets amenable to interventions aimed at ameliorating the clinical impact of the exposure (e.g., use of antiinflammatory or anti-hypertensive therapy in at risk groups), and to identify subclinical and clinical markers appropriate for monitoring the health effects of exposure.
In practice, many studies of aviation noise (and other environmental exposures) lie on a spectrum between these two goals, contributing to policy decisions and core knowledge in multiple ways. Some studies have reported an association between noise and measured blood pressure [20, 31, 60] . These studies may simultaneously provide insights about the mechanisms of disease (e.g., physiologic hemodynamic changes that may increase the risk of cardiovascular events in affected individuals), the exposure(s) of primary interest (e.g., separating out the effects of aviation noise from road traffic noise), and insights into the likely health impact of higher or lower future levels of exposure (given that blood pressure is an established and strong predictor of CVD risk). On the other hand, studies of heart rate variability or serum markers of systemic inflammation can provide novel insights into biologic mechanisms but provide relatively less information to enable the quantification of future risk of CVD. Studies of the impacts of aviation noise on sleep may inform both disease mechanism and inform interventions targeted at reducing exposures during the relevant time period.
Another important consideration when selecting the "ideal" cardiovascular health marker to measure is the time course of the effect under study. For instance, risk of cardiovascular events typically changes slowly over time while markers of vascular function can change virtually moment to moment; other markers fall somewhere in between these extremes. Thus, some markers of cardiovascular health will be better suited to studies targeted at evaluating the health impacts of short-term variation in exposure within individuals over time while other markers or endpoints will be better suited to evaluating differences in cardiovascular health across individuals with varying levels of long-term exposures. Blood pressure is an example of a marker that can provide insights about the impacts of both short-term (varying diurnally, across days, and across weeks) and long-term exposures.
In designing our ideal next study, workshop participants also considered the relative costs of these various markers of cardiovascular health, and the feasibility of measuring each marker in studies with sufficient sample size to detect associations of the expected magnitude. Many of the markers considered are time, equipment, or personnel intensive and thus challenging to assess well in large numbers of participants. For example, assessments of carotid intimal-medial thickness, flow-mediated dilation, overnight polysomnography, and ambulatory blood pressure monitoring have the potential to yield many novel insights, but are best suited to relatively smaller studies given their expense and participant or staff burden. On the other hand, as the cost of measurement of biochemical markers continues to drop, urinary or serum markers of cardiovascular health can often be measured in larger samples and/or repeatedly. Following participants for incident diagnoses or cardiovascular events can be scaled up even further, as demonstrated by several very large national cohort studies (e.g., the Women's Health Initiative (WHI), the Nurses' Health Studies (NHS), and the Health Professionals FollowUp Study (HPFS)), among many others. The costeffectiveness of proposed research is greatly increased by leveraging, where possible, existing data resources through collaboration with these and or other ongoing studies.
Although any of the above research designs can provide valuable evidence that improves our knowledge in this area, the ideal next study will be the one that is most closely aligned with the specific rather than broad policy questions or goals. If the policy question requires quantifying the number of cardiovascular deaths or events that might be prevented through introduction of new regulations, practices, or technologies, then new research that improves or facilitates detailed health impact assessments in the population of interest would be most responsive to these needs. Similarly, improved health impact assessments would allow regulators, airport operators, or community groups to identify the locations or populations where interventions to reduce exposure might have the greatest beneficial impacts on health. On the other hand, such studies will not typically provide the detail needed to establish biologic plausibility, inform conceptual models of exposuredisease relationships, or identify potential intermediate markers or targets for intervention.
Future Research Directions
Workshop participants made a number of recommendations for future research in this area. First, as noted above, we highlight the importance of clearly specifying the goals of the research program. Health impact assessments and the broad evidence needed to execute these well will likely have the greatest impact on policy in the short-term. In particular, in the short-term, key opportunities to improve the evidence base for policy decisions include the following: (a) improved estimates of exposure to noise, including identifying which metrics of aviation noise are most predictive of CVD risk, (b) more comprehensive assessment of the associations between aviation noise and risk of cardiovascular death, incident cardiovascular events, and new onset diagnoses of established cardiovascular risk factors, and (c) identification of subgroups of the population that may be at heightened risk. Evidence generated from these studies will enable government officials, airport operators, and community members to better understand the type and magnitude of health risks posed by aviation noise, how these estimates vary across location and people, and where interventions to reduce exposure might be most beneficial.
Over a longer-term, research studies are needed to fully elucidate the cascade of physiologic changes initiated by exposure to aviation noise and terminating in heightened risk of CVD morbidity and mortality. With this goal in mind, we suggest that studies evaluating clearly defined mechanistic pathways such as sleep disturbance, chronic heightened levels of stress, and changes in vascular functioning (among others) should be a priority. The evidence from this line of research will better establish biologic plausibility of the observed associations between aviation noise and CVD risk and provide key insights into future studies of specific cardiovascular event risk based on the presumed mechanisms of disease.
We further recommend that wherever possible investigators leverage existing data and research resources in wellcharacterized study populations, such as large, longitudinal cohorts with geocoded participant addresses, data on individual-level risk factors, and adjudicated cardiovascular events. Prime examples where collaboration may be particularly fruitful include prospective cohorts such as the MultiEthnic Study of Atherosclerosis (MESA), WHI, NHS, and the Sleep Heart Health Study, among many others. For example, as part of ongoing research within WHI, NHS, and HPFS, aircraft noise exposure is being modeled using AEDT in several metrics (DNL, Leq Night, Leq Day, TA 65 dB and TA 85 dB) at 5-year intervals between 1995 and 2015. These research efforts are investigating the effect of aviation noise on incident cardiovascular disease accounting for regional air pollution levels [https://ascent.aero/]. Performing analyses in the WHI, NHS, and HPFS cohorts using a common approach allows the association of aircraft noise to cardiovascular outcomes to be investigated in a very large and diverse population including both men and women. Beyond cohort studies, administrative claims data of hospitalizations among Medicare beneficiaries have already provided novel evidence [22] , and there may be other administrative datasets that can be used for these purposes as well.
A related challenge in the USA is estimating exposure to road traffic noise, a likely confounder when examining associations between aviation noise and cardiovascular health. Unlike in the European Union, there is no legislative mandate for cities in the USA to systematically collect data on the key determinants of road or railway noise levels. Even basic markers of traffic volumes or fleet mix are not readily available in the USA on a national level. Although a number of studies suggest that residential proximity to major roadways in the USA is associated with adverse cardiovascular health, these studies have typically not been able to fully distinguish between the effects of traffic related air pollution versus traffic related noise [61] [62] [63] [64] .
Conclusions
There are growing concerns in the USA about aircraft noise. This is evident from increased community concerns about aircraft noise that have arisen in spite of a reduction in the number of people exposed to significant aircraft noise over the past decades. The limited evidence that is available today shows potential adverse impacts on cardiovascular health of aviation noise; however, the dataset is relatively small and the data have relatively large uncertainty. As such, there is an unmet need and opportunity to expand and strengthen the evidence base regarding the potential health impacts of aviation noise. This evidence base would be useful in informing decision-making regarding aviation noise in the USA. With this need in mind, we call on the scientific community to leverage emerging tools to estimate aviation and road traffic noise to undertake a broad research agenda to estimate the potential adverse health effects of noise in the USA and more fully understand the causal mechanisms by which these putative effects occur as well as capturing the uncertainties in these impacts. The resulting evidence base will allow regulators and airport operators to ensure that continued aviation growth is accompanied by appropriate protections of the public health. Susan Redline and Natalia Sizov declare no conflicts of interest. Dr. Jaime E. Hart reports grants from Federal Aviation Administration, during the conduct of the study; Jonathan I. Levy reports grants from the Federal Aviation Administration and grants from the National Institutes of Health, during the conduct of the study.
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